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Fig.1 Schematic diagram of shock interference at the intake
lip of the X-51-like vehicle
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Fig.13 Six kinds of shock wave interference flow field Mach number contour map under different attack angle
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Fig.18 Temperature flow diagram at different total pressure ratios
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Fig.19 Wall heat flow distribution under different total
pressure ratio
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Fig.20 Wall heat flux diagram of high temperature jet under
different total pressure ratios
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Fig.21 \Variation of drag coefficient with different
jet momentum ratios

SEPRE 2
BotshE

E22  HFSE RS A s
Fig.22 Schematic diagram of total pressure calculation
positions in the intake cross section

FEh 4ol SR AL K ATV IS FHE, a8 i R X S

W AR TR e . G, )R A SN RESAT
R OB SRR R, B AT st OE



SRS

42 AERODYNAMIC RESEARCH & EXPERIMENT

Sep. 10, 2025/ Vol.3, No.5

Rl T HESCE IS S TR E A SCHETV R Tk
WAL T SIS BEGE , JF PR EEBE R AE . (PR=0.10,
0.15, 0.20, 0.25, 0.30) SRMFFTIL L5 I N R HESIHE it &
TR SN, RS R R A S SRR R
BT AN E S W TASCER], THEEEREN, Y4
PR=0 (JCWiyi) WTEiS Q M 2.712 kgls, SIABL
G, R EAHET, MEE PR 0250, i
Tt QAR 1l 2.813 kg/s. 18 24 J# R 1 A [ W55 37t
b HEAE R R Q M LI . 7ERIE] K AT A E
s IS A 5 N A EESE I T R R A R
FHAE AT AR 4o, T i . X
16 QAT AIE A 4°mh & AL T O TV RSSO T, e
SINTPBIVI A IR0, s T i 0

& OF H

F
I

3

-

=

E123 ARG SR E R E L E
Fig.23 Comparison of total pressure recovery
coefficient at different jet total pressures
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Fig.24 Comparison of intake mass flow rate at different jet total
pressure rations

PR . P, BEEBERE 5 I BERSTEREARPIR
By, RRESR R UE PR, R AT e
PERE.

4 4518

ARSCIZE X-51 KT 88RO B AR AR Ao ) 9y
IO G, L3R 45 S IR 25 km i3 248 KRAIAREE
SR VB BLBSAR 7 T AR 50 Wi 4 3 5 D0 5 0 S TS 1
TR A T 0 208 i A R AR T R, B T SR SRR
] WE A AEAS DM 00 HAT S B BB s R .
S, JIBLIT 4.

(1) @SS RATIM A, ARAF 1w e i 5 0k
AGHE T SO i SR P2 38R T /N AR Akt
P T AR AR K2, I A SR SR 4> A
TH0L, BRI, Y0 MM 3.8 H 4°0, {Hk THE%
RUNIEIASHIVES, SRR IS E T 2 () 6.16
£, XA RATEPEIP RO R B TPk

(2) AEIZHF 81 T I T i R P oy %
B, T SRR SN, BIREN IV R T
A TIARNEOE T4, XA 7R T 396 [ W5 i 3 A s BEL 1) L
P IR A 5N SR A = FE R A s e T, 2
AT AL E RN B AR SRy R 7 S P 4
Ao a] Ay ] WS AE AT I BB 4 B T R AR Y
WA

(3) X TFA g, J5H b B £ AR T
P FHEAR AR, VRIS PSR, VAL
RO EAIVAEL, MESAET, SR IV
W TR, MAE L PR 4 0.30 B, BETRIH
TR 5 oA HE R AIE 81.250%; A, 1) BE i AMEA
RES V R 05 e i) e PR (L, By i LB T
PRI BT LT, FESE PREXO.30 MY, BEmiHI%
LR FRARMY 1.63 65, Pk, 78 TR 5%t ® AT
Y AT BT, DR S B s B

(4) ARSCHFRAREY, JBHBRBIRASIN, &
P/ R IR, 5 TR A b R R T R R
15 49%; [ I (75 0 i 1k B A i 2.813 ka/s, X AMY
AR T ESGEERE, W BT ST GE PERE SR 1t
HESR



PABIAR 5L S T IR TR G811 R R BB 5

43

SE R
[1] Kianvashrad N, Knight D D. Edney 1l type shock-shock inter-

[2

(3]

(4]

(5]

(6]

(71

(8]

[°]

[10]

[11]

[12]

action over a hemisphere cylinder[J]. Aerospace Science and
Technology, 2023, 136:108-233.

Holden M, Kolly J. Measurements of heating in regions of
shock/shock interaction in hypersonic flow[C]. Aerospace Sci-
ences Meeting and Exhibit, 1995.

ZERL B SRR AV R R AT T ). <3
W9t 5ik84,2024,2(5):1-13.

Li Zhufei, Wang Jun, Zhang Zhiyu, et al. Shock interactions
generated by V-shaped blunt leading edges [J]. Aerodynamic
Research and Experiment, 2024,2(5):1-13. (in Chinese)

Wattes J D. Flight experience with shock impingement and in-
terference heating on the X-15-2 research airplane[R]. NASA
TM X-1669, 1968.

Edney B. Anomalous heat transfer and pressure distributions
on blunt bodies at hypersonic speeds in the presence of an im-
pinging shock[R]. FFA Rept,1968:115.

Wieting A R,Holden M S. Experimental shock-wave interfer-
ence heating on a cylinder at Mach 6 and 8[J]. AIAA Journal,
1989, 27(11):1557-1565.

Glass C, Wieting A, Holden M. Effect of leading edge sweep
on shock-shock interference at Mach 8[C]. 27th Aerospace Sci-
ences Meeting, 1989.

Gaitonde D, Miller J. Numerical exploration of shock interac-
tion control with plasma-based techniques[C]. 34th AIAA Plas-
ma Dynamics and Lasers Conference, 2003.

FhBerd, BERENE, AR R 4 . m Ao IV B T
JTEWFE[]. kR R, 2015, 36(10): 1459-1464.

Wang Diankai, Hong Yanji, Ren Yuxin, et al. Flow control
method of type IV interaction with high rated laser energy
[J]. Journal of Propulsion Technology, 2015, 36(10): 1459-
1464. (in Chinese)

Nowak R J. Gas-jet and tangent-slot film cooling tests of a
12.5° cone at Mach number of 6.7[R]. NASA Technical paper
2786, 1988.

Nowak R J, Wieting A R, Holden M. Shock/shock interference
on a transpiration cooled hemispherical model[C]. 21st Fluid
Dynamics, Plasma Dynamics and Lasers Conference, 1990.

Holden M, Ropriguez K, Nowka R. Studies of shock/shock in-

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

teraction on smooth and transpiration-cooled hemispherical
nose tips in hypersonic flow[C]. The 22nd Fluid Dynamics,
Plasma Dynamics and Lasers Conference,1991.

Hayashi K, Aso S, Tani Y. Experimental study on thermal pro-
tection system by opposing jet in supersonic flow[J]. Journal
of Spacecraft and Rockets, 2006, 43(1): 233-235.

T, XK, AT, AR R AT A 1 SR DL 7 A
HARZEHAN]. AR SR, 2021(4):67-75.

Gao Guangyu, Liu Bing, Huang Wei, et al. Review of oppos-
ing jet drag reduction and thermal protection technology for
hypersonic vehicle[J]. Technology for Hypersonic \ehicle,
2021(4):67-75. (in Chinese)

Deng Fan, Xie Feng, Huang Wei, et al. Numerical exploration
on jet oscillation mechanism of counter flowing jet ahead of a
hypersonic lifting-body vehicle[J]. Science China Technologi-
cal Sciences, 2017, 61:1056-1071.

Gerdroodbaby M B, Imani M, Ganji D D. Investigation of
film cooling on nose cone by a forward facing array of micro-
jets in hypersonic flow [J]. International Communications in
Heat and Mass Transfer, 2015, 64:42-49.

Venkatachari B S, Ito Y, Chengg, et al. Numerical investiga-
tion of the interaction of counter flow in gets and supersonic
capsule flows[C]. 42nd AIAA Thermo Physics Conference,
2011.

Prabhu R, Thareja R, Wieting A. Computational studies of a
fluid spike as a leading edge protection device for shock-shock
interference heating[C].22nd Fluid Dynamics, Plasma Dynam-
ics and Lasers Conference, 1991.

Albertsion C, Venkat V. Shock interaction control for scramjet
cowl leading edges[C]. AIAA/CIRA 13th International Space
Planes and Hypersonics Systems and Technologies Confer-
ence, 2005: 3289.

Zhang Wei, Wang Qiang. Experimental challenges of reverse
jets in hypersonic flows[J]. AIAA Journal, 2018, 56(8): 3201-
3215.

T, Tl AR, 55 28 X-51A RAT 8 HLBh B e 1)
AR AL iR K224, 2021,47(1):97-105.
Wang Sheng, Wang Qiang, Lin Boxi, et al. Longitudinal ma-
neuver simulation of an X-51 A-like aircraft based on numeri-

cal virtual flight [J]. Journal of Beijing University of Aeronau-



SHARSHE

44 AERODYNAMIC RESEARCH & EXPERIMENT Sep. 10, 2025/ Vol.3, No.5
tics and Astronautics, 2021, 47(1):97-105. (in Chinese) physics Conference, 2003: 4041.

[22] Cheng Liwei, Wang Guolei, Lu Xiyun. Numerical investiga- [24] &A%, FIRE . S8 AT e ORI BB T [3]. [
tion of a jet from a blunt body opposing a supersonic flow[J]. KETHRR, 2008, 31(6):561-564.
Journal of Fluid Mechanics, 2011, 684:85-110. Huang Wei, Wang Zhenguo. Numerical investigation on prop-

[23] Hayashi K, Aso S. Effect of pressure ratio on aerodynamic erties of attack angle for hypersonic vehicle[J]. Journal of Sol-
heating reduction due to opposing jet[C]. 36th AIAA Thermo id Rocket Technology, 2008,31(6):561-564. (in Chinese)

Numerical investigation of Reverse Jet Heat Reduction under
Forebody Shock Interactions on the Lip of Hypersonic Vehicles

Sun Xincheng', Xu Chunguang’, Zhou Lang', Wang Yuanjing?
1. School of Aeronautics and Astronautics, Sun Yat-sen University , Shenzhen 518107, China
2. China Aerodynamics Research and Development Center, Mianyang 621000, China

Abstract: During the flight of high -speed aircraft, complex shock-shock interference phenomena occur, leading to a sharp
increase in the heat flux in the wall area of the aircraft, which poses a huge challenge to the aircraft’s thermal protection
system. To address the extreme aerodynamic heating problem caused by shock-shock interference, reverse jet is applied to
the inlet lip of an X—51-like aircraft. A numerical simulation method is used to study the influence of the reverse jet at the
inlet lip on the flow field structure and heat flux under the interference of the forebody shock. By changing the angle of
attack of the incoming flow, the interference types of the forebody shock on the lip shock at different angles of attack and
the influence laws on the lip flow field and heat flux distribution are obtained. Furthermore, the heat -reduction
characteristics of reverse jets with different total pressure ratios under types Ill, IV, and V shock interferences are
investigated. The results show that the change in the angle of attack will change the shock interference type at the lip. When
the angle of attack changes from 3.8° to 4.0°, the interference type changes from type Il to type IV. The reverse jet can
convert type Il shock interference into type-ll-like and type IV shock interference into type—lli—like, reducing the lip heat
flux. For type V shock interference, the reverse jet will convert it into a more severe type—IV—like, resulting in an increase in
the peak wall heat flux. The heat-reduction laws of the reverse jet at the inlet lip of the X—51—like aircraft at different angles
of attack are obtained, and the action mechanism of the reverse jet under different shock interference types is clarified,
which can provide support for the thermal protection design of the same type of aircraft. In addition, the research results
show that the introduction of the reverse jet at the lip will reduce the total pressure loss of the inlet. Compared with the case
without jet, the total pressure recovery coefficient is increased by 49%. At the same time, it increases the mass flow rate,

which is beneficial to improving the performance of the inlet.

Key Words: high-speed vehicle; numerical simulation; reverse jet; shock/shock interactions; thermal protection
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